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Abstract:
With the building industry being responsible for 39% of global carbon emissions
[4], there is an imperative need for low-carbon solutions that can decarbonize the built
environment. This thesis aimed to address whether mycelium, the hyphal body of fungi,
can be used as a building material. The first part of research involved developing a
protocol for creating and testing mycelium samples. Mycelium composites were created
by inoculating strains of mycelium onto agricultural substrates such as walnut shells, rice
hulls, and a commercially available mix from Ecovative Design LLC. Mechanical
compression and tensile tests, as well as thermal conductivity and fire resistance tests
were performed on samples of varying substrates to determine their suitable applications.
This study also characterized the effect of nutrient additions such as flour and
colonization time on thermal conductivity. Ultimately, we found that the compressive and
tensile strengths of our composites aligned with literature data ranges: approximately
1kPa to 1.1MPa for compression and .03-.18 MPa for tension [16]. Thermal test results
were also approximate to the literature range of values: 0.05-0.07 W/m*K [33]. By
comparing the thermal performance of samples that varied with incubation time and
nutrient additions, we found that there is an optimum density for thermal performance
that is affected by nutrient additions. This meant that the conventional approaches of
waiting for full colonization of thermal samples may not be optimal. While the
experiments and analysis were greatly limited by Covid-19, given these findings,
mycelium has the most practical application as thermal insulation materials for buildings.
Structural mycelium currently is not feasible due to poor mechanical performance.
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Preface:
I came into my junior off-term unsure of whether I wanted to continue
engineering. After five consecutive terms on campus, I found my curiosity smothered by
the nature of the quarter system and the rigor of my courses. I had forgotten what I was
passionate about, and why I wanted to pursue engineering. Without any concrete plans
for the term, I decided to stay with a friend at UC Berkeley and pretend to be a student. I
sat in on various classes, joined some organizations, and also met a student pursing a
thesis on recycling PLA plastic from campus 3-D printing. Even though PLA is marketed
as biodegradable, the Berkeley community did not have the proper resources necessary to
process the PLA into a biodegradable material. This student found a way to acquire a
grinder and essentially reuse old 3-D prints as new material, decreasing the ecological
impact of the material. After learning about her research and how it could directly benefit
the community in a sustainable manner, I began wondering if I could do the same. While
complications from Covid-19 have changed the direct impact of this thesis, I hope that
my research is able to inspire future students into action. I would like to thank my advisor
Professor Vicki May, as well as Professor Douglas Van Citters, Mary Kay Brown,
Morgan Peach, William Jelsma, the Irving Institute, and the Paul K. Richter and Evalyn
E. Cook Richter Memorial Fund for making this research possible.
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Introduction
In 2018 the Intergovernmental Panel on Climate Change (IPCC) released a
special report on Global Warming of 1.5°C, which stated that the world must reduce
emissions by 45% from 2010 levels, before 2030, in order to limit warming to 1.5°C [1].
Failure to do so would cause “severe, pervasive, and irreversible impacts for people and
ecosystems” [2]. In 2019, global carbon emissions reached 33 gigatons [3], further
contributing to anthropogenic climate change. According to the 2019 Global Status
Report, published by the United Nations Environment Programme and the International
Energy Agency, 39% of global carbon emissions were produced by the building and
construction sector [4]. These carbon emissions can be divided into two categories:
operational and embodied emissions. Operational emissions from processes such as space
heating and lighting account for 72% of building-related emissions [5], while embodied
emissions produced from the transport and manufacture of building materials account for
28% of building-related emissions [5]. Over the next 40 years, the world is expected to
build 230 billion square meters in new construction, which is the equivalent of adding
Paris to the planet each week [6]. As one of the single greatest contributors of carbon
emissions, the built environment must be decarbonized to mitigate the effects of climate
change. This need for low-carbon solutions for the built environment was the inspiration
for pursuing this thesis. In this paper I investigate the potential application of mycelium
as a low-carbon building material. Originally, this research was intended to be
incorporated into the Tiny House set to be built by ENGS71: Structural Analysis.
However due to complications from Covid-19, the research shifted to investigate the
mechanical and thermal properties.
1

Background
The fungi kingdom is one of the least comprehensively studied kingdoms, with
approximately 80,000-120,000 species recorded of an estimated 1.5-5.1 million species
[7]. It consists of a diverse group of unicellular, multicellular, and syntactical sporeproducing organisms that feed on organic matter. Historically, fungi were included in the
plant kingdom; however, they lack the photosynthetic ability of plants and were later
separated into their own kingdom [8]. Fungi share the same basic genetic structures as
plants and animals, but their cellular biology differs greatly: plants and animals comprise
cells organized into tissues and organs, while fungi remain as filamentous strands of
hyphae [7]. This growing structure of branching hyphae is called mycelium and
represents the entire body of all fungi [9]. What we know of as mushrooms are
sporocarps: the reproductive bodies of fungi. The main mycelial body lies underground
[10]. This allows fungal bodies to grow incredibly large, to the point that the largest
organism on earth is actually a fungus: an individual Armillaria bulbosa species that has
colonized over 10,000 hectares of forest [11]. Fungi are also further distinguished from
animals as they are not able to ingest food, but rather feed through the absorption of
nutrients from the surrounding environment. A fungal body grows strands of mycelium
through a substrate material, feeding on and secreting digestive enzymes that break down
the substrate and allow nutrients to be absorbed through the mycelia [10].
The fungi kingdom is separated into four divisions: Chytridiomycota (chytrids),
Zygomycota (bread molds), Ascomycota (yeast and sac fungi), and Basidiomycota (club
fungi). The classification is based on sexual reproduction. Of these divisions,
Basidiomycota is considered the most suitable for mycelium-based materials since their
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structures are larger, more complex, and contain the properties of septa and anastomosis
[10, 16]. Septa allows for transverse cell walls that have closable openings that can seal
off damaged hyphae. This form of damage control allows for faster colonization of a
substrate. Anastomosis also increases the growth rate by allowing fusion of hyphae,
creating a more homogenous mycelium network [12]. Fungi sometimes exist
independently in nature, but in most cases they share an association with other organisms.
Classification in these cases is based on the host and relationship with each organism.
The first type of fungi is the saprophytic, also known as decomposers. These fungi
secrete enzymes and acids that degrade large molecules into simpler forms that can be
reassembled into building blocks, such as polysaccharides for cell walls. Saprophytes are
responsible for building soils in an environment: recycling carbon, hydrogen, nitrogen,
phosphorus, and other minerals into nutrients for plants and animals [13]. They are also
divided into primary, secondary, and tertiary decomposers. Primary decomposers are the
first to grow on dead matter; they are fast growing and send out extending strands of
mycelium that attach and decompose plant tissue. Common species include oyster
mushrooms (Pleurotus species) and shiitake (Lentinula edodes). Secondary decomposers
rely on the activity of primary fungi that partially break down plant tissues. These
decomposers are more versatile and work in concert with actinomycetes and other
bacteria to decompose a wider variety of microorganisms [13]. Lastly, tertiary
decomposers are found at the end of the decomposition process, and they thrive in
habitats created by primary and secondary decomposers over a period of years. These
decomposers rely on highly complex microbial environments. The next type of fungi are
parasitic fungi. They feed on trees and in the past, were seen as hostile to the long-term
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health of forests. However, these fungi also nourish other organisms: a rotting tree in a
forest is actually more supportive of biodiversity than a living tree. By selecting for the
strongest plants, these fungi repair damaged habitats. Other types of fungi include
mycorrhizal fungi. They form mutually beneficial relationships with other plants by
growing sheathes around a plant’s roots. If this sheath does not penetrate the root cells,
they are classified as ectomycorrhizal and if they do, they are classified as
endomycorrhizal. The mycorrhizal mycelium can grow beyond the plant roots, bringing
distant nutrients and extending the absorption zone of the roots. In exchange, the
mycelium receives nutrients from the plant. Fungi also serve other mutualistic roles in
environments. Certain fungi function as natural bactericides and fungicides and studies
from Curric et al 2003 [14] showed that attine ants grow Lepiota mycelium to produce an
antibiotic against destructive parasites. Lastly, we have endophytes which are benevolent,
non-mycorrhizal fungi that partner with plants, from grasses to trees. Their mycelia
threads between the cell walls of plants, but do not enter. This enhances the plant’s ability
to absorb nutrients and stave off parasites and infections. These fungi can also have
practical applications to industry. In 2004, Joan Henson and other researchers filed a
patent using a Curvularia species isolated from a species that grows in the geothermal
zones of Yellowstone and Lassen Volcanic national parks. Henson’s research showed
that grasses inoculated with this endophyte could survive temporary exposure to
extraordinarily high temperatures (148°F), while those without inoculation would shrivel
and die. This demonstrated increased drought resistance through the usage of endophytes
[13].
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Fungi can also take part in myco-restoration, which is a term introduced by
renowned mycologist Paul Stamets. Under the umbrella concept of using fungi to repair
and restore ecosystems, we have the following fields [13]:
•

Mycofiltration: usage of mycelium to filter pathogens, toxins, and silt (example:
nitrogen from cattle waste).

•

Mycoforestry: enhancing forest health through mycorrhizal fungi and nutrient
exchange.

•

Mycoremediation: neutralizing toxins and chemicals through fungal enzymes.

•

Mycopesticides: influence and control pest populations with specific fungal strains.

Stamets writes that, “If a toxin contaminates a habitat, mushrooms often appear that not
only tolerate the toxin but also metabolize it as a nutrient or cause it to decompose. Some
mushrooms even live in heavy-metal-contaminated sites intolerable to others (Stamets
57) [13].” In 1998, Stamets applied this myco-remediation theory in an experiment with
the Washington State Department of Transportation (WSDOT). The experiment involved
a maintenance yard for trucks that had been operating for more than 30 years. Over this
time, diesel and oil had contaminated the soil at levels approaching 2% or 20,000 parts
per million (ppm). This is roughly the same concentration measured on the beaches of
Prince William Sound in 1989 after the Exxon Valdez spilled 11 million gallons of crude
oil [13]. The WSDOT separated four piled of contaminated soil onto four sheets of 6mm
black plastic polyethylene tarp. One pile was inoculated with roughly 30% by volume
oyster mushroom spawn while two others were given bacterial treatments and one was
left as an untreated control. These tarps were then covered to keep out the rain and left
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alone for four weeks. Stamets details an account on the contaminated piles four weeks
later, writing:
“All three of the piles were black and lifeless and stank like diesel and oil. As the
shade cloth of the myceliated pile was pulled back, onlookers gasped in
astonishment. We were greeted by a huge flush of oyster mushroom numbers in
the hundreds, some more than 12 inches in diameter; such an abundant crop is
seen only where the nutrition is especially rich. The pile, now light brown, no
longer smelled of diesel and oil” (Stamets 92) [13].
Over the next four-to-nine weeks, the oyster mushrooms matured and sporulated,
attracting insects that laid eggs, and the larvae later attracted birds that brought seeds into
the pile, turning the pile into an “oasis of life.” Battelle researchers reported that total
petroleum hydrocarbons (TPHs) had plummeted from 20,000 ppm to less than 200 ppm
in 8 weeks, making the soil acceptable for freeway landscaping (Stamets 93) [13]. The
application of mycelium being able to digest petroleum products is also demonstrated in
the Fungi Mutarium by LIVIN Studio’s Katharina Unger, where she showed that other
species such as the common oyster mushroom were also capable of digesting plastic [15].

Figure 1: Fungi Mutarium consuming plastic and agar substrate [15]

6

Given societal shifts in attitude toward plastic waste, mycelium could potentially be used
to sequester non-biodegradable waste streams and upcycle them into usable materials.
The appeal of myco-restoration is more relevant than ever with growing awareness of
climate change, and research in the field of mycology now extends beyond ecosystem
restoration. Early explorations of the applications of fungi date back to the 1990s, with
Japanese scientist Shigero Yamanaka using mycelium for paper and building material
production [17]. More recently, mycelium materials have emerged as a class of
sustainable materials that use natural fungal growth to upcycle agricultural byproducts
and wastes as a form of low energy biofabrication [16]. Increasing global populations
have led to an increase in food stocks; globally an estimated 998 million tons of
agricultural waste are produced yearly of which the majority is commonly burned or left
to decompose [20]. Upcycling agricultural waste into usable products means that
mycelium materials have the potential to be carbon negative. Mycelium materials can be
divided into two groups: pure and composite. Pure mycelium is created by a liquid
culture of mycelium that completely consumes the substrate it is growing in. Typically,
these are cultures grown on agar in laboratory settings. This process allows the
fabrication of materials with properties of rubber, paper, textile, leather, and wood, by
varying environmental growth conditions, physical, and chemical treatments [18].
Mycelium-based composites on the other hand are created by inoculating an individual
strain of fungi in a substrate of organic material. The mycelium degrades the substrate
and uses the products of degradation as feeding elements to extend the hyphae and fuse
new branches to form a denser network. Mycelium composites have the unique ability to
be grown into a mold, allowing designers to directly shape the final object. This new
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approach of using bio-based materials is termed “growing design” and refers to growing
materials from living organisms to achieve unique material properties [19].
Commercially, mycelium is used to replace materials with high environmental impacts.
Two US-based companies of note are MycoWorks and Ecovative Design LLC.
Mycoworks is co-founded by artist Phill Ross who began using mycelium in the 1990s as
a sculpture medium. The company now creates vegan leather products using the reishi
mushroom [21]. Ecovative Design includes three platforms: Atlast, MycoFlex, and
MycoComposite. Atlast uses mycelium to create plant-based meat, MycoFlex creates
textiles and skincare products such as makeup foams, and MycoComposite creates
mycelium packaging as a replacement for Styrofoam packing. Grow-it-yourself (GIY)
kits are also available commercially from Ecovative and were used for experimentation
[22].
In recent years, architects and designers have focused on the potential of
mycelium in design and building projects. A feature of fungi is the presence of chitin in
the cell walls: a hard, white, inelastic nitrogenous polysaccharide composed of Nacetylglucosamine units that appears in the exoskeletons of insects, spiders, and
arthropods [7]. The nanofibril tensile strength of chitin is between 1.6 and 3 GPa, due to a
high dipole moment and hydrogen bonding between the macromolecule chains. This adds
structural support to the fungal cells that architects and designers alike have showcased
[16]. Mycelium architectures include the MycoTree, a self-supporting structure of
mycelium; Hy-Fi; The Growing Pavilion from Krown Design; Shell Mycelium; and
many others.
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MycoTree [23]:
MycoTree is a tree-like installation by Dirk Hebel and Philippe Block that sought to use
mycelium to create self-supporting structures, presented as part of the inaugural Seoul
Biennale of Architecture and Urbanism. They state that with the proper geometry,
mycelium could provide the structure of a 2-story building. “In order to show the
potential of new alternative materials, particularly weak materials like mycelium, we
need to get the geometry right. Then we can demonstrate something that can actually be
very stable, through its form, rather than through the strength of the material.”

Figure 2: Myco-Tree installation [23]

Hy-Fi [24]
Hy-Fi is an architectural installation featured at the Museum of Modern Art (MoMa) PS1
and was the winner of the Young Architects Program contest. It was designed by The
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Living principal David Benjamin and featured mycelium bricks from corn stalks using the
growing technique from Ecovative Design.

Figure 3: Hy-Fi Installation at MoMa PS1 [24]

Growing Pavilion [25]
This installation was designed by Pascal Leboucq in collaboration with Erik
Klarenbeek’s Krown Design and was featured at the Dutch Design Week. It is a
temporary pavilion made entirely from bio-based materials. The outer panels are made of
mycelium and coated with a bio-based product designed by the Inca People of Mexico.
The panels were attached to a timber frame and the floors were made from cattail. The
interior and exterior benches are also made from agricultural waste. During the design
week, mushrooms growing in the panel frames were also harvested and cooked by a food
truck.
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Figure 4: Growing Pavilion at the Dutch Design Week [25]

Shell Mycelium [26]
Designed by Asif Rahman of Beetles 3.3, this temporary structure is made from plywood,
wood framing, and mycelium. The philosophy behind the structure is a commentary on
culture’s desires for permanent structures for impermanent events:
“the shell pavilion is […] made of spores and the wooden structure forms the
growing ground; the mycelium eats it, merges with it, transforms it and grows
through it. the pavilion will be a building, which after it is born, will grow along
with its visitors, and die once its purpose is fulfilled. the only remains left behind
are the experience left under it”
One note is that by looking at the documentation of the project, the structure does not
appear fully colonized.
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Figure 5: Shell Mycelium [26]

3-D Printed Mycelium Chair [27]
Designer Eric Klarenbeek 3-D printed a chair as a way to “bring together the machine
and nature to create a new material.” Klarenbeek believes that it could be used in the
future to build anything from a table to a house. The chair was printed using powdered
straw and mycelium.

Figure 6: 3-D Printed Mycelium Chair [27]
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Literature Review
With mycelium making an appearance in architectural projects, there has been
research investigations into the fireproofing, mechanical, and thermal capabilities of
mycelium. In 2012, Holt et al investigated the manufacturing of biodegradable molded
packing materials based on fungal mycelium and cotton plant materials, finding that the
material properties were approximate to the characteristics of extruded foam [28]. In
2013, Travaglini et al investigated the elastic and strength properties of mycelium
biofoam in both tension and compression. The study found that the strength decreases
with increasing moisture content, and the compressive strength is almost three times the
tensile strength [29]. In 2015, Travaglini et al also tested the maximum use temperature,
odor emission, and R-value of mycelium materials, finding that they could be an
attractive alternative to current insulation materials [30]. This is supported by Xing et al
2018 as well as Elsacker et al 2019 which analyzed the dry density, young’s modulus,
compressive stiffness, stress-strain curves, thermal conductivity, and water absorption
rate of Trametes Versicolor: the white rot fungus. They found that mycelium composites
made with flax, hemp, and straw have good overall insulation behavior in all aspects
compared to conventional materials such as rock wool, glass wool, and extruded
polystyrene [31, 32].

Compression:
The compressive strengths of mycelium composites vary greatly depending on the
substrate material. In 2017, Jones et al. tested two composites with the genus Ganoderma
species and achieved different compressive strengths. Cotton plant composites had
strengths of 1-72kPa while red oak composites achieved 490 kPa [7]. To date, no studies
13

have demonstrated high strengths achieved with mycelium materials, which range from
0.17-1.1 MPa [16]. Conventional bricks in comparison, have compressive strengths of
8.6-17.2 MPa [18]. That being said, mechanical properties can be significantly improved
using physical processing, such as cold or hot pressing. This consolidates the composite
material, reducing porosity and increasing material density [16].

Tension
Tensile strength has been historically poorly researched, but in 2013 Hassanzadeh
et al. revealed that pure chitin substrates display tensile strengths of over 100 MPa [17].
The mycelium constituent of composites is often blamed for limited mechanical
performance, however recent studies also show that the mycelium binder has tensile
strengths up to 26 MPa and the fruiting body extract can have strengths up to 200 MPa
[16]. In comparison, mycelium composites only have tensile strengths of around 0.030.18 MPa. This suggests that insufficient growth density and limitations between the
interface of mycelium and substrate is responsible for the limited mechanical
performance [16].

Insulation
Polymeric foams such as polystyrene and polyurethane are commonly used as
thermal insulation in infrastructure and housing construction. However, because they are
synthetic, they are not subject to decomposition and create problems with respect to
recycling, reuse, and landfill operation. Additionally, these polymeric foams are based on
nonrenewable materials and energy intensive manufacturing processes [34]. Mycelium is
believed to have the most potential as a foam insulation material, especially in
conjunction with low-grade agricultural and forestry residues. The ability to reinforce
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mycelium composites is heavily governed by the nutrient profile of the substrate, with
more nutritious substrates promoting more fungal growth and bonding. As agricultural
wastes have little nutrient density, they show poor mechanical performance without
further processing techniques such as hot or cold pressing, or resin infusion [16].
Agricultural waste allows for the creation of porous composites that show similar
characteristics to foams. These biofoams have thermal conductivities ranging from 0.050.07 W/m*K when dried. Live samples possessed higher conductivities due to moisture
content [34]. In the 2019 study by Jones et al., high performing natural substrates such as
straw and hemp had thermal conductivities ranging from 0.04-0.08 W/m*K [16]. This
range is higher but still comparable to that of conventional insulation materials [32].
Extruded polystyrene has thermal conductivity ranges from 0.025 and 0.04 W/m*K [34],
while rock wool has thermal conductivity of 0.035 W/m*K [35].

Fire Resistance
Despite shortcoming in mechanical properties, mycelium composites have a
significant advantage over traditional synthetic insulation materials in terms of fire safety.
Common synthetic materials such as polystyrene and polyurethane foams have poor fire
resistance, and even mycelium composites without silica have better fire safety than
synthetic foams. Since mycelium composites can use different substrate materials, those
with high silica-based substrates such as rice hulls and glass fines are much safer than
synthetic foams or even wood products. Silica composites are only outperformed by
phenolic formaldehyde resin foams [16]. Pyrolysis flow combustion calorimetry
evaluations on wheat grain composites revealed that the combustion propensity of
mycelium is significantly lower than polymethyl methacrylate and polylactic acid,
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meaning it is noticeably less prone to ignition and flaming combustion [36]. Part of this is
due to the tendency for mycelium to release water vapor and develop char residue that
has flame-retardant properties. Literature suggests that mycelium could be used as a
commercial, sustainable, and safer alternative to synthetic polymers [36]. Mycelium
composites also have lower average and peak heat release rates, as well as longer time to
flash over. Usage of rice hulls in particular yielded significant char and silica ash which
improved fire performance, although composites with glass fines exhibited the best fire
performance. This can be attributed to the higher silica concentration due to the glass.
This performance suggests that mycelium composites can be a very economical
alternative to flammable petroleum derived synthetic polymers [37].
Overall, with low thermal conductivity and natural fire-safety properties,
mycelium-based materials show particular promise as thermal insulation foams.
Mycelium composites produced from wheat straw or hemp fibers have low thermal
conductivities (0.04 W/m*K) that can compete with polystyrene (0.03-0.04 W/m*K),
polyurethane foam (0.006-0.18 W/m*K), and phenolic formaldehyde resin (0.03-0.04
W/m*K). These values are also much lower than wood products such as plywood (0.3–
0.5 W/m∙K), softwood (0.08–0.3 W/m∙K) and hardwood (0.2–0.5 W/m∙K), making them
better thermal insulators than these wood products [16]. The main disadvantage as an
insulation material is mycelium’s moisture uptake (40-580% wt) is much higher than
those of synthetic materials (polystyrene: 0.03-9%, polyurethane: 0.01-72%, phenolic
formaldehyde resin: 1-15%) [16]. This means that applications of the material must be
kept away from water, limiting selections to indoor materials.
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Direction of Thesis
This literature review revealed that nutrient density plays a role in the mycelial
growth density [16] and studies from literature would commonly add nutrients in their
protocols and use fully colonized samples in their experiments. There was little reference
to the role colonization time had on the performance of mycelium materials, and the
range of substrates and strains used was somewhat limited. Coming from this background
research, I wanted to expand on the existing literature by experimenting with novel
substrate materials and studying the impact of nutrient additives and growth time on
thermal properties. I hypothesized that excessive colonization either from nutrient
addition or colonization time would decrease the porosity of the material and in turn
decrease its thermal properties.

Experimental Protocol
The first stage of research was the development of a protocol for mycelium
reproduction and sample creation. The process for mycelium reproduction is denoted by a
“G” such that G1 Master is the first-generation spawn from the spore, and G2 is the
second generation of spawn created from G1, and so on [38]. This is used to expand the
mycelial mass and is more cost effective than continuing to purchase G1 commercial
spawns. The process to create mycelium materials involves soaking substrates in water,
sterilization through an autoclave or pressure cooker, and lastly inoculation with 10-32%
wt mycelium either as spores or grain spawn. Following inoculation, the molds are stored
in controlled environments from days to months depending on the species, substrate, and
degree of bonding required [16]. While the basis remains the same, there is a significant
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amount of variability regarding the type of spawn, substrate, and roles of additives and
incubation time. The following protocols were developed through research initial testing
over the first few months of research.

Figure 7: Flowchart of Mycelium Composite Protocol

The final protocols for both G2 propagation grain spawn and substrate inoculation for test
materials are as follows:

G2 Propagation Protocol:
The purpose of the G2 Grain Spawn is to allow the mycelium to reproduce in a
nutrient dense substrate, which can then be used to inoculate substrates. The necessary
materials are hulled millet grains, 1-pint mason jars, Poly-Fil polyester fiberfill, and G1
grain spawn of desired fungi strain from commercial sources.
1. Fill mason jars approximately halfway with millet grains and soak millet grains
completely in distilled water overnight. Filling too much millet grain will cause them
to overflow in later steps. Drill a quarter-inch hole in the center of the mason jar lids
and stuff with Poly-Fil.
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2. Drain millet grains of water and sterilize in an autoclave or pressure cooker at 20psi,
121°C, using the “fast” setting. Autoclave for 25 minutes or defer to lab instructor
(reference: Mary Kay Brown) and remove when chamber pressure reaches zero. Set
aside to cool for approximately 5 hours or until cool to the touch.
3. In a laminar flow-hood, (BSL2 Biosafety Cabinet standard issue), follow general use
procedures and wipe down surfaces using 70% ethanol. Sterilize the lab spoon,
spatula, and bag of grain spawn. Break up the grain spawn through the bag so that
there are individual grains.
4. Layer and mix grain spawn into the jars of millet hulls. The more grain spawn added,
the faster the colonization time of the millet grain.
5. Cover jars with Poly-Fil lids and let sit in a covered space at approximately 76°F.

Figure 8: G2 Inoculation in BSL2 Cabinet

Figure 9: Colonization chamber with materials
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Bulk Inoculation Protocol:
Bulk substrates are the materials directly used in mycelium composites. We used
materials such as sawdust, ground walnut shells, rice hulls, millet hulls, commercial
Ecovative mix, Foamcore, and cardboard. These materials are separated from grain
spawn as they are low in nutrients. In commercial settings, these materials are not
sterilized but pasteurized since the low nutrient density makes it less likely for
contamination and the substrates can be made in environments that are unable to be kept
sterile [39]. However, sterilization of bulk substrates with an autoclave is viable of steps
are taken to reduce contamination, such as using a biosafety cabinet. The necessary
materials are G1 or G2 grain spawn of desired strains, autoclavable glass containers,
mold forms, aluminum foil, bulk substrates of choice (straw, rice hull, walnut shell,
cardboard, etc.).
1. Soak bulk substrate overnight with distilled water in a glass container.
2. Drain water and autoclave for 30 minutes at 20psi, 121°C using the fast setting.
Remove when safe and set aside to cool. Nutrient additives can be autoclaved at this
time (no soaking necessary).
3. Sterilize BSL2 cabinet, autoclaved containers, and G1/G2 grain spawn containers
with 70% ethanol.
4. Break apart and transfer 20% wt G2 spawn to bulk containers or mold forms. Add
sterilized additives (glass fines, wheat germ, flour) if needed. The proportion of
additives vary, but I used 5% wt which was the same amount required for the
commercial Ecovative mix.
5. Cover with aluminum foil and set aside to colonize at approximately 77°F.
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Bulk colonization containers reduce the potential for contamination when transferring to
a mold form, since it allows the mycelium to stabilize and out compete potential
contaminants before transfer. I found that breaking up colonized substrates during the
transfer to a secondary mold also allowed for greater oxygenation and colonization
density. However, for experiments involving a temporal component, the substrate should
be transferred directly to the mold rather than allowing it to fully colonize in bulk.

Figure 10: Oyster mushroom on cardboard. The strands
of mycelium can be seen growing on the glass

Figure 11: Oyster mushroom growing on cardboard

Figure 12: Oyster mushroom on millet hull

Figure 13: Oyster mushroom on hardwood sawdust
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Figure 14: Contamination on sawdust substrate

Figure 15: Contamination on millet hull substrate

With the introduction of nutrient additives to the substrates, particular care needs to be
taken to ensure sterility. Otherwise, contamination occurs and can delay the
experimentation process by several weeks.

Winter Experimentation
I began my research by focusing on three strains of mycelium: Ganoderma
lucidum (Reishi), Pleurotus ostreatus (Oyster), and a proprietary strain from Ecovative
Design LLC (Ecovative). I used scanning electron microscopy (SEM) to image and better
understand the inherent properties of these different strains. Oyster mushrooms are
known to be the most beginner-friendly strain as they are fast-colonizing and can grow on
a variety of substrates. Reishi Mushrooms are slower to grow, however they are used by
the company MycoWorks and online forums indicate that the mushroom itself is “tough”
and “woody” which suggests that it may be a strong material. Lastly, Ecovative Design
has commercially available “Grow It Yourself” (GIY) bags of mycelium and hemp.
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Figure 16: SEM comparison at 500 µm of mycelium strains

Figure 17: SEM comparison at 50µm of mycelium strains.

From the SEM images, we can see that the different strains have different
physical properties. The reishi strain is much coarser and densely matted, while the oyster
is much thinner and less dense. The Ecovative strain has properties that are somewhere
between the reishi and oyster strains. Based on these characteristics, I used the reishi
strain to create mechanical samples, oyster for thermal samples, and Ecovative for both
samples. The strains, substrates, and tests are summarized in the following table:
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Table 1: Summary of strains, substrates, and tests. Due to Covid-19 the study of some of these
combinations was not possible, and this will be addressed in the testing section of this paper.

The first three months of this project were focused on finalizing inoculation
protocols and developing methods for testing the compression and tensile capacities of
mycelium. The initial tests for the compression mold involved 1.5-inch segments of 1.75inch diameter aluminum tubes from the Dartmouth Machine Shop. Tensile molds were
made by laser-cutting wooden dogbone coupons and using them to create thermoformed
plastic molds. The compression molds were sealed with aluminum foil and the plastic
molds were clamped with binder clips to maintain humidity.

Figure 18: Initial aluminum compression mold

Figure 19: Initial plastic tensile mold

However, after four weeks there was very little growth. This was likely attributed to a
failure in humidity regulation as I noticed that the substrate was drying out and I would
periodically need to add distilled water. After transferring the molds to a humidity
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chamber (hot water placed in a covered tub) there was rapid mycelial growth, but it was
inhomogeneous and appeared to favor the plastic over the substrate.

Figure 20: Tension mold 4-week colonization

Figure 21: Tension mold initial results

Figure 22: Initial compression mold results

Figure 23: Initial cardboard compression mold

Figure 25: Tensile results post-incubation

Figure 24: Humidity chamber incubation
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Figure 26: Comparison of initial and final samples. On the left, we see early samples that are dried out and
not uniform. On the right we can see the samples are uniformly shaped and well colonized.

Based on these early trials, the main takeaways were that hydration, humidity, and
temperature were incredibly important in creating usable samples. Some of the early
compression samples also had less colonization than expected when using just the
substrate alone, so nutrient additions were necessary to increase maximum colonization
density. I also found that in creating a bulk incubation, breaking up previous colonized
substrate and recolonizing them in molds would allow for even denser colonization.
The final molds used were 3-D printed tensile dog bone molds (ASTM D638 Type IV)
[40], and 3-inch diameter, 1.2-inch tall cylindrical silicone mold from Amazon [41].

Figure 27: Silicone compression mold

Figure 28: 3-D printed D638 type IV mold
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Testing
All experiments were conducted using reishi, oyster, and Ecovative mycelium
strains. Testing samples were created using the protocols detailed in the previous section.

Compression Testing
Mycelium composite materials have been shown to exhibit properties similar to
expanded polystyrene or other foams [42]. Foam compression behavior can be
characterized by three distinct regions [43]:
1. At small strains (approx. 5%) the foam exhibits s linear elastic regime due to cell wall
bending.
2. The next stage is a plateau or strain localization regime caused by elastic buckling of
the fibers that make up the cell edges or walls.
3. Last is a densification regime at larger strains where a large number of fiber-to-fiber
contacts that form induce rapid stiffening and increase in compressive strength.
Under cyclic compression, mycelium also exhibits significant hysteresis and stress
softening behavior known as the Mullins Effect [44].
Table 2: Compression testing substrate and strains summary

27

Due to complications with Covid-19, only two combinations of strains and
substrates were able to be tested. Following the bulk sterilization protocol, walnut-shell
substrates were inoculated with reishi strain and 5% wt flour and set aside to colonize for
two weeks. The Ecovative combination was activated by following the directions unique
to each bag of product. After two weeks, the substrate was broken apart by hand in the
BSL2 cabinet and transferred to the silicone compression mold for an 8-day incubation.

Figure 29: Growth over time of reishi on walnut-shell substrate

The samples were then removed and incubated for one week to ensure maximum
colonization and formation of an outer mycelial layer. The samples were then weighed
and air-dried for three days. To ensure complete inactivation of the mycelium, the
samples were baked for 6 hours at 200°F, or until approximately 30% original weight.
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Figure 30: Reishi on walnut-shell compression sample
before incubation

Figure 31: Reishi on walnut-shell compression sample
after 1-week incubation

Since mycelium composites have foam compressive behaviors, compression testing
followed the ASTM D1612 Compression Testing of Expanded Plastics and Foams [45].
The dimensions of the samples were recorded using a caliper and the samples were
loaded onto an Instron Universal Testing System, model 4469 with 50kN load cell. The
samples were loaded at 1 mm/minute. ASTM D1612 states that samples should be
compressed approximately 13% of the original thickness or until a yield point. However,
to capture the maximum range of compression behavior, the walnut-shell samples were
loaded to approximately 12-22 kN.
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Figure 32: Walnut-shell compression mold before
compression

Figure 33: Walnut-shell compression mold after
compression

This process was repeated for the Ecovative samples; however, the samples were
compressed to approximately 5.5kN and unloaded. The samples were then remeasured
and compressed again to approximately 16kN to see observe the behavior under cyclic
compression.
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Figure 35: Ecovative compression mold first
compression

Figure 34: Ecovative compression mold in Instron

Tensile Testing
The procedure for tensile testing mirrors that of compression samples. The mold used
was an ASTM D638 type IV dogbone shape of 0.25-inch thickness, 3-D printed using a
Prusca MK3 printer with Polylactic Acid (PLA) filament.
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Table 3: Tension testing substrate and strains summary

Again, due to Covid-19 a number of strain/substrate combinations were not able to be
tested. Additionally, from testing I gained a better understanding of why tensile
properties were historically so poorly researched; the samples for reishi/walnut and
reishi/cardboard were extremely brittle and also tended to warp while drying.

Figure 36: Cardboard tensile sample

Figure 37: Cardboard tensile sample exhibiting warping
while drying

After the materials were dried, the samples were weighed and the cross-sectional area
was measured. The samples were loaded onto an Instron with Universal Testing System
model 4442 with 500N load cell at 1 mm/minute until failure.
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Figure 38: Ecovative sample loaded in Instron

Figure 39: Ecovative sample before loading

Figure 40: Ecovative sample after loading

Thermal Testing:
Mycelium growth follows three typical growth phases after the initial inoculation of
media [7]:
1. Lag Phase: A period of zero or low population growth as the inoculated mycelia
become accustomed to their new chemical and physical environment
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2. Exponential phase: the biomass increases exponentially in cell number, dry weight,
and nucleic acid and protein content.
3. Stationary phase: If essential nutrients are exhausted or toxic products accumulate,
the specific growth rate returns to zero and the biomass remains constant. If all
nutrients are depleted, this state is referred to as complete colonization.
Table 4: Thermal testing substrate and strains summary

For this phase of testing, we focused on two different substrates and strains. The top four
in the table are Ecovative on hemp, and the bottom four are oyster on rice hull. In order to
determine the influence of added nutrients and colonization time on thermal performance,
I separated the samples into those with and without added flour, as well as short term and
long term samples where the long term samples were colonized for an additional two
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weeks. Due to Covid-19 I ran into issues with contamination, so the long-term oyster
trials were not able to be completed.
The procedure follows that of the bulk substrate protocol used for the
compression molds, with rice hulls and Ecovative hemp as the substrates. During the
inoculation step, half of each set of samples had 5% wt flour added to test for the effect
of nutrient additions. Later, half of the substrates were directly transferred to the silicone
compression molds, and the other half was transferred to glass containers. The initial
mold transfer samples were used for short-term testing, while the other half in the bulk
containers were set as the long-term samples. The first set of samples in the silicone
compression molds were allowed to colonize for 12 days, and one by one were removed
on each consecutive day so that each sample had a one-day difference in colonization. In
total the colonization times ranged from 12-17 days. Each was placed in a humidity
chamber for four days to further colonize before being dried. The long-term samples were
transferred to the silicone compression molds two weeks post-inoculation and were
allowed to colonize for two weeks before removal. After drying, measurements were
taken using the Tempos Thermal Properties Analyzer from the Meter Environment
Group. Because the Tempos resolves temperatures to +/- 0.0001°C and is sensitive to
temperature drift, the thermal probe was inserted into the sample, and the sample were
placed in an insulated Styrofoam shipping container for 10 minutes. The measurements
were recorded, and the sample was left alone to cool for 15 minutes. This process was
repeated 3-5 times for each sample in both the same and different locations on the
sample.
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Figure 41: Thermal sample in mold

Figure 42: Rice hull substrate thermal mold

Figure 43: Tempos Thermal Analyzer testing setup

The Tempos uses the transient line heat source method. Typically, a probe for this
kind of measurement consists of a needle with a heater and temperature sensor inside. A
current passes through the heater and the system monitors the temperature of the sensor
over time. Analysis of the time dependence of sensor temperature, when the probe is in
the material under the test, determines thermal conductivity. More recently, the heater
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and temperature sensors have been placed in separate needles. In dual-probe sensor the
analysis of temperature versus time relationship for the separated probes yields
information on diffusivity and heat capacity as well as conductivity. Measurements were
taken using the Diffusivity/Heat Capacity mode, using the dual needle sensor SH-3 at
high power and two-minute read time. The meter is able to compute the thermal
conductivity, diffusivity, and volumetric specific heat capacity from proprietary
algorithms. The Tempos Meter is compliant to ASTM D5334-14 (Standard Test Method
for Determination of Thermal Conductivity of Soils and Rock by Thermal Needle Probe
Procedure) [49].

Fire Resistance Testing
Table 5: Fire resistance test substrate and strains summary

The fire resistance tests focused primarily on Ecovative and rice hull substrates as
literature review revealed that rice hulls were high in silica, making them naturally fire
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resistant [16]. Glass fines were added to the substrates to test whether they would
increase performance as stated in literature [37]. I also compared the samples to extruded
polystyrene, which is a commercially available insulation material.
The samples were created in a similar manner as the compression molds.
However, 50% wt glass fines were added during the inoculation step to half of the
substrates. The samples were then left to colonize in a Tupperware glass of dimensions
6.5x8x2-inches for approximately four weeks to ensure maximum colonization, and at
one point, the rice-hull substrate grew sporocarps. The samples were then incubated for
another three weeks.
The fire resistance test involved placing a sample approximately 0.25-inch above
a candle, with the flame in contact with the sample. The sample was burned for 30
seconds and removed from the flame. Whether or not there was combustion was noted,
and the size of the resulting char was measured. The sample was then placed back on the
flame for ten minutes. Over this period, the sample was monitored for any combustion,
and after ten minutes the char area and depth were measured.

Figure 44: Ecovative sample fire resistance testing setup
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Figure 45: Rice hull sample fire resistance testing setup

Figure 46: Rice hull sample

Figure 47: Rice hull with glass sample

Figure 48: Ecovative sample

Figure 49: Ecovative with glass sample
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Results and Analysis
Compression

Force-Extension: Walnut Shell Compression
25
20

Force (kN)

15
10
5
0
0

5

10

-5

15

20

25

Extension (mm)
Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Figure 50: Walnut-shell compression force-extension plot

The walnut shell substrates had an average compressive strength of 316.9 kPa and
a compressive strength-to-weight ratio of 0.654 at 10% deformation. We can see some
deviations between the five samples, and this may be due to imperfect removal
procedures after colonization making stress concentration points at the edges and
weakening the outer mycelial layer. The first and second stage of foam compression are
greatly overshadowed by the densification regime and we can see that the applied force
increases exponentially. The average compressive strength falls in the lower range from
literature and compared to conventional materials such as clay brick and concrete (14
MPa, 15-25 MPa) [46], the mycelium material is much weaker.
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The Ecovative samples were compressed twice, and we can observe the Mullins
Effect for the second compression, as the initial stage experiences softening up until
approximately 7mm deformation.
Force Extension: Ecovative
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Figure 51: Ecovative compression force-extension plot

The results are similar to the same test performed in Lelivelt et al 2015 [47].

Figure 52: Cyclic loading compressive behavior from literature [47]
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Overall, the Ecovative samples were much more uniform and we see minimal deviations
in the compression data. While Ecovative had a compressive strength of 159 kPa which
was less than that of the walnut shell samples, it had a higher compressive strength-toweight ratio of 1.27. The compressive strength is still far below the range of strengths of
conventional materials.

Tension
The shape of the force-extension plot is fairly standard with the appearance of a short
linear-elastic region, then plastic region, followed by the point of failure. According to
literature, under uniaxial tension the elastic modulus varies as a quadratic function of
density, and the tensile strength is proportional to the network density to the 1.5th power
[48]. These calculations were out of the scope of our analysis, and we focused solely on
the tensile strength.
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Figure 53: Ecovative tensile force-extension plot
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The force was divided by the cross-sectional area of the sample, and out of five samples
the average was 0.343 MPa. While this was greater than the literature range of 0.03-0.18
[16], it still falls within acceptable bounds.

Thermal
From our thermal tests, conclusions based on daily differences in thermal performance
were not able to be determined. The variations did not follow a clear pattern and the
measurements for each sample also varied in range. In order to draw conclusions, I took
the lower bound of each set of measurements for each sample. By averaging the lower
bound for each of the groups a pattern began to emerge.

Figure 54: Thermal resistivity of insulation sample comparison
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The following table summarizes the differences in thermal resistivity for each group of
samples. By subtracting the values of flour and no flour, as well as long-term and shortterm we saw that all the samples with added flour performed better than the no-flour
counterparts. For long-term minus short-term, we found that the one with added flour
decreased in performance (-0.52), while the one without flour increased in performance
(0.09).
Table 6: Thermal results differences summary
Flour no Flour

Long Term short term

Rice Hull

0.47

N/A

Ecovative

0.92

0.09

Ecovative
Long Term

0.31

Ecovative
Flour

-0.52

Overall, this meant that there is an optimal density for thermal performance that is
influenced by nutrient addition and time, and that the standard practice of full
colonization may not yield the best thermal performance.

Fire Resistance
Overall, we see a smaller char for the rice hull and Ecovative samples with glass fines.
The Ecovative+glass sample performed the best in all categories. The char thickness was
also similar for all the mycelium samples. I want to emphasize that none of the samples
ignited during the test, but the 1.5-inch-thick expanded Styrofoam insulation melted
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through completely in 30 seconds. Therefore the 10-minute measurements for
polystyrene are designated with N/A.

Figure 55: Fire resistance test char size comparison

Figure 56: Fire resistance test char thickness comparison

45

Figure 57: Rice hull sample 10-min char

Figure 58: Rice hull sample with glass 10-min char

Figure 59: Ecovative sample 10-min char

Figure 60: Ecovative sample with glass 10-min char

Figure 61: Extruded polystyrene fire resistance testing
setup

Figure 62: Extruded polystyrene after 30-sec burn
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Discussion
Overall, we found that the new substrate material of walnut-shells (as well as
Ecovative) support the existing data on compressive and tensile strength ranges. From
thermal testing we also found that the initial hypothesis of excessive colonization
decreasing thermal properties is supported, as we observed that there is an optimal
density for insulation performance. This means that the conventional practice of full
colonization with nutrient addition may not produce optimal results. Lastly, the results of
the fire resistance test support literature conclusions that mycelium materials have the
best application as thermal insulation, since they have much better performance than
conventional materials. Based on these conclusions, potential immediate applications for
integration with the Tiny House Project are likely as insulation or as interior furnishing.
Due to poor mechanical performance in comparison
to conventional building materials, currently
mycelium should not be used in structural
applications. From the 2019 Global Status Report,
embodied carbon accounted for 28% of global
emissions. This is primarily due to manufacturing
and transportation. Mycelium materials may be able
to be grown on-site and could sequester carbon as it
grows on agricultural waste. This would drastically
reduce emissions associated with the built
environment and act as a step toward decarbonization.
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Figure 63: Mycelium stool and lamps
[50]

Future Steps
Due to complications from Covid-19, there were several aspects of this project
that were not able to be studied. Future research would focus on repeating the tests with
substrates such as cardboard, Foamcore, and PLA plastic. SEM imaging should also be
used to quantify the relationship of thermal performance to colonization time and nutrient
addition by measuring the air cavities within the samples. Lastly, we observed that
mycelial density was highest at surfaces exposed to air, and lowest in the core, which is
also noted in literature [16]. Mechanical performance could perhaps be improved by
injecting oxygen into the samples or by cross laminating samples such that the ratio of
outer mycelial skin to substrate is increased. Ultimately, mycelium materials show
incredible potential to help decarbonize industrial sectors around the world.

Figure 64: Reishi on Foamcore

Figure 65: Oyster on PLA
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Appendix:
Additional SEM Images:
Pure Oyster Mushroom:
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Ecovative on Hemp:

50

Pure Ecovative

51

Pure Reishi

52

Reishi on Grain
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